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HTXDWLRQEDVHGRQOLPLWORDGDSSURDFKHVKDYHEHHQPDGH>@$OWKRXJKWKHH[LVWLQJHTXDWLRQVDUHIURPH[WHQVLYH
FUDFNHG WXEH WHVW GDWD WKHLU DSSOLFDELOLW\ ZRXOG EH OLPLWHG PDLQO\ WR VLQJOH FUDFNHG VWUDLJKW WXEHV ,W KDV EHHQ
UHSRUWHGKRZHYHU WKDWFUDFNLQJLQ6*WXEHVRFFXUVQRWRQO\LQVWUDLJKW WXEHVIUHHVSDQVEXWDOVRLQ8EHQGVRU
PDQ\PRUH >@)XUWKHUPRUHPXOWLSOH FUDFNVZLWK FRPSOLFDWHG VKDSHV DQG DUUDQJHPHQWV KDYHEHHQ IRXQG7R
GHYHORS PRUH HTXDWLRQV IRU VXFK FRPSOH[ FDVHV E\ H[SHULPHQWDO PHWKRGV H[WHQVLYH WHVWLQJ ZKLFK FDQ EH YHU\
H[SHQVLYHRUZRXOGQRWEHSRVVLEOHGXHWROLPLWHGPDWHULDOVRXUFHVDUHUHTXLUHG
,Q WKLV SDSHU D )( VLPXODWLRQ PHWKRG WR SUHGLFW ORDGEHDULQJ FDSDFLW\ RI 6* WXEH LV SURSRVHG 'DPDJH
PHFKDQLFVDSSURDFKLVDSSOLHGWRVLPXODWHIUDFWXUHEHKDYLRULQ)(DQDO\VLV7KHPHWKRGLVDSSOLHGLQWR$OOR\77
6*WXEHVDQGSUHGLFWHGUHVXOWVDUHFRPSDUHGZLWKWHVWGDWD
([SHULPHQWV
2.1. Material and mechanical test 
,QWKLVVWXG\$OOR\77VWHDPJHQHUDWRU6*WXEHVZLWKRXWHUGLDPHWHURIPPDQGWKLFNQHVVRI
PPZHUHWHVWHG7HQVLOHWHVWXVLQJVRXQG6*WXEHVZHUHSHUIRUPHGWRREWDLQWHQVLOHSURSHUWLHVRI$OOR\777KH
WHVWVZHUHFRQGXFWHGIROORZLQJ$670(>@7KHD[LDOGLVSODFHPHQWRIWKHVSHFLPHQZDVPHDVXUHGXVLQJDQ
H[WHQVRPHWHUZLWK WKH JDJH OHQJWK RI PP WKUHH VSHFLPHQVZHUH XVHG LQ WKH WHVWV<LHOG VWUHQJWK DQG WHQVLOH
VWUHQJWKRI WKHPDWHULDOZHUH 03D DQG03D UHVSHFWLYHO\5HVXOWLQJ HQJLQHHULQJ DQG WUXH VWUHVVVWUDLQ
FXUYHVDUHVKRZQLQ)LJD
7RREWDLQIUDFWXUHSURSHUWLHV IUDFWXUH WHVWZDVDOVRSHUIRUPHGXVLQJFLUFXPIHUHQWLDO WKURXJKZDOOQRWFKHG WXEH
VSHFLPHQ 6\PPHWULF FLUFXPIHUHQWLDO QRWFKHV ZLWK ar0  ZHUH PDGH LQ D WXEH VSHFLPHQ E\ HOHFWURGLVFKDUJH
PDFKLQLQJ('0DVVFKHPDWLFDOO\VKRZQLQ)LJ7HQVLOHORDGLQJZDVDSSOLHGWRWKHWXEHDWURRPWHPSHUDWXUH
7KHD[LDOGLVSODFHPHQWRIWKHVSHFLPHQZDVPHDVXUHGXVLQJDQH[WHQVRPHWHUZLWKWKHJDJHOHQJWKRIPP)RXU
VSHFLPHQVZHUHWHVWHG)LJVKRZVORDGGLVSODFHPHQWFXUYHVIURPWKHWHVWV
2.2. Summary of burst test 
7R YDOLGDWH QXPHULFDOPHWKRG SURSRVHG LQ WKLV VWXG\ SUHGLFWHG ORDGEHDULQJ FDSDFLW\ PD[LPXP SUHVVXUH LV
FRPSDUHGZLWKEXUVWWHVWGDWD%XUVWWHVWGDWDFDQEHXVHGIURPWKHSXEOLVKHGSDSHU>@7KLVVHFWLRQVXPPDUL]HV
WKHEXUVWWHVWDQGPRUHGHWDLOHGLQIRUPDWLRQDERXWWKHWHVWFDQEHIRXQGLQ5HI>@
7KLUWHHQ WXEHV ZLWK GLIIHUHQW D[LDO FUDFN OHQJWKV DQG GHSWKV ZHUH SUHSDUHG IRU EXUVW WHVW )LJ  VKRZV WKH
VFKHPDWLF JHRPHWU\ RI WKH FUDFNHG WXEH 7KH FUDFN OHQJWK c UDQJLQJ IURP c  PP WR c  PP ZKLOH WKH
UHODWLYHFUDFNGHSWKatZDVIURPat PPWRat ZHUHPDGHE\('0
7XEHEXUVW WHVWVZHUHFDUULHGRXWDWURRPWHPSHUDWXUH5HVXOWLQJPD[LPXPSUHVVXUHVUDQJHGIURP03DWR
03DGHSHQGLQJRQWKHFUDFNGLPHQVLRQ([SHULPHQWDOPD[LPXPSUHVVXUHVPmaxDUHFRPSDUHGZLWKSUHGLFWLRQV
IURPWKHIROORZLQJHTXDWLRQVJLYHQLQ>@
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  E
(TXDWLRQ D LV IRU D[LDO WKURXJKZDOO FUDFNHG WXEH DQG (T E LV IRU D[LDO VXUIDFH FUDFNHG WXEH ,Q WKH
HTXDWLRQVtriDQGr0SUHVHQWWKHWKLFNQHVVLQQHUUDGLXVDQGRXWHUUDGLXVUHVSHFWLYHO\Vy DQGVuts GHQRWHV\LHOGDQG
WHQVLOHVWUHQJWKDQGaDQGcGHQRWHWKHFUDFNGHSWKDQGOHQJWKUHVSHFWLYHO\([SHULPHQWDOPD[LPXPSUHVVXUHVDQG
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SUHGLFWLRQVXVLQJ(TDUHFRPSDUHGLQ)LJ,Q)LJVROLGOLQHVDQGGRWWHGOLQHVUHSUHVHQWWKHSUHGLFWLRQVXVLQJ
(T  DQG RSHQ V\PEROVPHDQ H[SHULPHQWDOPD[LPXPSUHVVXUHV&ORVHG V\PEROV LQ WKH ILJXUHV FRUUHVSRQG WR
SUHGLFWHGPD[LPXPSUHVVXUHVIURP)(DQDO\VLVWKDWZLOOEHGHVFULEHGLQWKHQH[WVHFWLRQ)URPWKHILJXUHLWFDQEH
IRXQGWKDWWKHH[SHULPHQWDOPD[LPXPSUHVVXUHYDOXHVDUHVOLJKWO\KLJKHUWKDQSUHGLFWLRQV

  
 D E
)LJD6RXQGWXEHWHQVLOHWHVWUHVXOWVEWUXHVWUHVVVWUDLQFXUYHRI$OOR\77PDWHULDO


)LJ6FKHPDWLFRIFURVVVHFWLRQRIDFLUFXPIHUHQWLDOWKURXJKZDOOQRWFKHGWXEH


)LJ7KURXJKZDOOQRWFKHGVSHFLPHQWHQVLOHWHVWUHVXOWV
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
)LJ6FKHPDWLFRID[LDOFUDFNHGWXEHVIRUEXUVWWHVW>@


)LJ&RPSDULVRQRIPD[LPXPSUHVVXUHVRIFUDFNHG6*WXEHVIURPH[SHULPHQWDOWHVWVDQG)(DQDO\VHV
)LQLWHHOHPHQWGDPDJHDQDO\VLV
3.1. Ductile fracture criterion 
,WLVZHOONQRZWKDWIUDFWXUHVWUDLQRIGXFWLOHPDWHULDOVVWURQJO\GHSHQGVRQWULD[LDOVWUHVVVWDWHV7KHGHSHQGHQFH
RIWKHIUDFWXUHVWUDLQHfRQWKHVWUHVVWULD[LDOLW\FRUUHVSRQGVWRWKHPHDQVWUHVVVmGLYLGHGLQWRHTXLYDOHQWVWUHVVVe
FDQEHFKDUDFWHUL]HGDV>@
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ZKHUHDEDQGJDUHPDWHULDOFRQVWDQWVWKDWFDQEHQRUPDOO\GHWHUPLQHGE\DQDO\]LQJQRWFKHGEDUWHQVLOHWHVWGDWD
ZLWK)(HODVWLFSODVWLFDQDO\VHV>@ ,Q WKLVVWXG\KRZHYHURQO\ WKLQZDOOHG WXEH WHQVLOH WHVWFDQEHXVHGIRU
DQDO\]LQJ)RUWKLVUHDVRQWKHIRUPRI(TVKRXOGEHVLPSOLILHGDVIROORZV$FFRUGLQJWR5LFHDQG7UDFH\>@
WKH FRQVWDQWE LQ (T  FDQ EH DVVXPHG WR EHE  )URP WKH IDFW WKDW WKH FRQVWDQW J LV SRVLWLYH IRU DOO VWHHO
PDWHULDOVWKHIUDFWXUHVWUDLQFDQEHFRQVHUYDWLYHO\HVWLPDWHGE\DVVXPLQJJ LQ(T7KHQIUDFWXUHVWUDLQFDQEH
FDOFXODWHGZLWKVLPSOLILHGIROORZLQJIRUP
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
QRWLQJWKDW(TKDVRQO\RQHPDWHULDOFRQVWDQWDZKLFKFDQEHGHWHUPLQHGIURPGXFWLOLW\RIWXEHWHQVLOHWHVW
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  
 D E
)LJD6WUHVVWULD[LDOLW\YDULDWLRQZLWKHTXLYDOHQWSODVWLFVWUDLQEIUDFWXUHVWUDLQORFXVIRU$OOR\77PDWHULDO
7R GHWHUPLQH WKH FRQVWDQW D LQ (T  ' HODVWLFSODVWLF ILQLWH HOHPHQW )( DQDO\VLV IRU 6* WXEH WHQVLOH
VLPXODWLRQ ZDV SHUIRUPHG 6\PPHWULF FRQGLWLRQV ZHUH FRQVLGHUHG DQG HLJKWQRGH EULFN HOHPHQWV ZLWK IXOO
LQWHJUDWLRQV &'ZLWKLQ$%$486 >@ZHUHXVHG7HQVLOH SURSHUWLHV VKRZQ LQ)LJ EZHUH DSSOLHG LQWR WKH
VLPXODWLRQ(OHPHQWVL]HLQQHFNLQJUHJLRQZDVPP)(UHVXOWVDUHFRPSDUHGZLWKWHVWGDWDLQ)LJD)URP)(
UHVXOWVLWFDQEHIRXQGWKDWVWUHVVWULD[LDOLW\DQGHTXLYDOHQWSODVWLFVWUDLQDWWKHLQQHUVXUIDFHLQQHFNLQJUHJLRQDUH
VOLJKWO\ODUJHUWKDQWKRVHDWWKHRXWHUVXUIDFH7KXVIDLOXUHLQLWLDWLRQFDQEHDVVXPHGWRRFFXUDWWKLVORFDWLRQ/RFDO
VWUHVVWULD[LDOLW\DQGHTXLYDOHQWSODVWLFVWUDLQYDULDWLRQVZHUHH[WUDFWHGWRIDLOXUHLQLWLDWLRQSRLQWDVVKRZQLQ)LJD
7KHVWUDLQYDOXHRIFURVVV\PEROLQ)LJDFRUUHVSRQGVWRWKHIUDFWXUHVWUDLQ6LQFHWKHIUDFWXUHVWUDLQVKRXOGLQFOXGH
VWUHVV DQG VWUDLQ KLVWRU\ VWUHVV WULD[LDOLW\ YDOXHV ZHUH DYHUDJHG DV VKRZQ LQ )LJ D ZLWK GRWWHG OLQH ,QVHUWLQJ
IUDFWXUH VWUDLQ DQG WKH DYHUDJHG VWUHVV WULD[LDOLW\ LQWR (T  JLYHV WKH FRQVWDQW YDOXHD  OHDGLQJ WR WKH
IUDFWXUHVWUDLQORFXVIRU$OOR\77VKRZQLQ)LJEZLWKDVROLGOLQHGHQRWLQJWKHFORVHGV\PEROFRUUHVSRQGVWR
WKHWXEHWHQVLOHGDWD
3.2. Flaw tearing simulation method 
7RSHUIRUP)(GDPDJHDQDO\VLVGXFWLOHGDPDJHGXHWRSODVWLFVWUDLQFDQEHFDOFXODWHGDWHDFKJDXVVSRLQWXVLQJ
p
f
'H
Z 'Z
H
 ¦  ¦   
ZKHUH Z 'Z UHSUHVHQW WRWDO GDPDJH LQFUHPHQWDO GDPDJH UHVSHFWLYHO\ 'XFWLOH IUDFWXUH LV DVVXPHG ZKHQ WKH
DFFXPXODWHGGDPDJHEHFRPHVXQLW\Z &UDFNJURZWKFDQEHVLPXODWHGE\UHGXFLQJDOOVWUHVVFRPSRQHQWVDWWKH
IDLOHG JDXVV SRLQW WR D VPDOO SODWHDX YDOXH7R LPSOHPHQW GXFWLOH GDPDJH FDOFXODWLRQ DQG VWUHVV UHGXFWLRQ LQ )(
GDPDJH DQDO\VLV XVHUVXEURXWLQH 8+$5' ZLWKLQ $%$486 67$1'$5' >@ ZDV XVHG 0RUH GHWDLOHG
LQIRUPDWLRQRQWKLVPHWKRGFDQEHIRXQGLQ5HI>@
3.3. Determination of element size 
,W LVZHOO NQRZQ WKDW WKH HOHPHQW VL]H Le XVHG LQ)(PHVKHV DIIHFWV VLPXODWLRQ UHVXOWV7RGHWHUPLQHSURSHU
HOHPHQW VL]H IRU$OOR\ 77 WKH QRWFKHG 6* WXEH WHQVLOH WHVW ZHUH VLPXODWHGZLWK HODVWLFSODVWLF )( DQDO\VLV
6\PPHWULF FRQGLWLRQV ZHUH IXOO\ XWLOL]HG DQG HLJKWQRGH EULFN HOHPHQWV ZLWK IXOO LQWHJUDWLRQV &' ZLWKLQ
$%$486>@ZHUHXVHG7\SLFDO)(PHVKLVVKRZQLQ)LJD(OHPHQWVL]HLQFUDFNJURZWKUHJLRQUDQJHGIURP
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Le PPWRLe PP)LJEVKRZVWKHVLPXODWHGUHVXOWVFRPSDULQJZLWKWHVWGDWD,WFDQEHIRXQGWKDWWKH
HOHPHQWVL]HLe PPLVSURSHUIRU$OOR\77

  
 D E
)LJD)(PHVKHVRIWKURXJKZDOOQRWFKHGWXEHVSHFLPHQEFRPSDULVRQRIVLPXODWHGORDGGLVSODFHPHQWFXUYHVZLWKWHVWHGRQHV


)LJ)(PHVKHVRIFUDFNHG6*WXEHIRUEXUVWWHVWVLPXODWLRQV
3.4. Prediction of load-bearing capacity 
)ODZHG WXEHEXUVW VLPXODWLRQVZHUH SHUIRUPHG XVLQJ WKH HVWDEOLVKHG)(GDPDJH DQDO\VLV ,Q WKH)( DQDO\VHV
V\PPHWULF FRQGLWLRQV ZHUH IXOO\ XWLOL]HG DQG HLJKWQRGH EULFN HOHPHQWV ZLWK IXOO LQWHJUDWLRQV &' ZLWKLQ
$%$486>@ZHUHXVHG7\SLFDO)(PHVKHVIRUWKURXJKZDOOFUDFNHGDQGVXUIDFHFUDFNHG6*WXEHVDUHVKRZQLQ
)LJ(OHPHQWVL]HLQFUDFNJURZWKUHJLRQLVIL[HGWRLe PP
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PD[LPXPSUHVVXUHVDUHRYHUDOOLQJRRGDJUHHPHQWZLWKWHVWGDWD$OPRVWSUHGLFWLRQVDUHLQRIWHVWGDWDDQGWKH
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3ODQQLQJ15)0%%
5HIHUHQFHV
>@ 6FRWW3&RPEUDGH3.LOLDQ55RWK$$QGUHVHQ3.LP<6WDWXVUHYLHZRILQLWLDWLRQRIHQYLURQPHQWDOO\DVVLVWHGFUDFNLQJDQG
VKRUWFUDFNJURZWK(35,UHSRUW(OHFWULF3RZHU5HVHDUFK,QVWLWXWH3DOR$OWR&$
>@ )RUG)0F*HKHH$5HSDLUDQGUHSODFHPHQWDSSOLFDWLRQVFHQWHUVWUHVVFRUURVLRQFUDFNLQJLQFORVHGFRROLQJZDWHUV\VWHPV(35,UHSRUW
(OHFWULF3RZHU5HVHDUFK,QVWLWXWH3DOR$OWR&$
>@ +DKQ*76DUUDWH05RVHQILHOG$5&ULWHULDIRUFUDFNH[WHQVLRQLQF\OLQGULFDOSUHVVXUHYHVVHOV,QWHUQDWLRQDO-RXUQDORI)UDFWXUH
0HFKDQLFV
>@ (UGRJDQ)'XFWLOHIDLOXUHWKHRULHVIRUSUHVVXUL]HGSLSHVDQGFRQWDLQHUV,QWHUQDWLRQDO-RXUQDORI3UHVVXUH9HVVHOVDQG3LSLQJ

>@ 5DQJDQDWK60HKWD+6(QJLQHHULQJPHWKRGV IRU WKHDVVHVVPHQWRIGXFWLOH IUDFWXUHPDUJLQ LQQXFOHDUSRZHUSODQWSLSLQJ(ODVWLF
3ODVWLF)UDFWXUH6HFRQG6\PSRVLXP
>@ &RFKHW%6WHDPJHQHUDWRUWXEHLQWHJULW\YROXPH%XUVW7HVWUHVXOWVDQGYDOLGDWLRQRIUXSWXUHFULWHULD)UDPDWRPHGDWD(35,UHSRUW
13/(OHFWULF3RZHU5HVHDUFK,QVWLWXWH3DOR$OWR&$
>@ 0DMXPGDU63UHGLFWLRQRIVWUXFWXUDOLQWHJULW\RIVWHDPJHQHUDWRUWXEHVXQGHUVHYHUHDFFLGHQWFRQGLWLRQV1XFOHDU(QJLQHHULQJDQG'HVLJQ

>@ 0DMXPGDU6.DV]D.)UDQNOLQ-0XVFDUD-3UHVVXUHDQGOHDNUDWHWHVWVDQGPRGHOVIRUSUHGLFWLQJIDLOXUHRIIODZHGVWHDPJHQHUDWRU
WXEHV185(*&5861XFOHDU5HJXODWRU\&RPPLVVLRQ:DVKLQJWRQ'&
>@ 6FKRPHNHU&(:RUNVKRS3URFHHGLQJV8EHQGWXEHFUDFNLQJLQVWHDPJHQHUDWRUV(35,UHSRUW:6±(OHFWULF3RZHU5HVHDUFK
,QVWLWXWH3DOR$OWR&$
>@ %DQLF0%URV-&L]HOM/&RUQHW3'UDJXQRY-)OXFNLJHU*HWDO$VVHVVPHQWDQG0DQDJHPHQWRI$JHLQJRI0DMRU1XFOHDU
3RZHU3ODQW&RPSRQHQWV,PSRUWDQWWR6DIHW\6WHDP*HQHUDWRUV8SGDWH,$($7(&'2&,$($6DIHW\6HULHV,QWHUQDWLRQDO
$WRPLF(QHUJ\$JHQF\9LHQQD$XVWULD
>@ $670(6WDQGDUGWHVWPHWKRGIRUPHDVXUHPHQWRIIUDFWXUHWRXJKQHVV,Q$QQXDOERRNRI$670VWDQGDUGV$PHULFDQ6RFLHW\IRU
7HVWLQJDQG0DWHULDOV3KLODGHOSKLD3$
>@ /HH.+.LP+'.DQJ< 61DP0:&KR1&%XUVW SUHVVXUH WHVWV RI D[LDO SDUWWKURXJKZDOO VWHDPJHQHUDWRU WXEHV
7UDQVDFWLRQVRI.RUHDQ6RFLHW\RI3UHVVXUH9HVVHODQG3LSLQJ,Q.RUHDQ
>@ .HDWLQJ5)%HJOH\ -$(IIHFWRISUHVVXUL]DWLRQ UDWHRQGHJUDGHG VWHDPJHQHUDWRU WXELQJEXUVWSUHVVXUH UHYLVLRQ(35, UHSRUW
(OHFWULF3RZHU5HVHDUFK,QVWLWXWH3DOR$OWR&$
>@ 0F&OLQWRFN)$$FULWHULRQRIGXFWLOHIUDFWXUHE\WKHJURZWKRIKROHV-RXUQDORIDSSOLHGPHFKDQLFV
>@ 5LFH-57UDFH\'02QWKHGXFWLOHHQODUJHPHQWRIYRLGVLQWULD[LDOVWUHVVILHOGV-RXUQDORIWKH0HFKDQLFVDQG3K\VLFVRI6ROLGV

>@ +DQFRFN-:0DFNHQ]LH$2QWKHPHFKDQLVPVRIGXFWLOHIDLOXUHLQKLJKVWUHQJWKVWHHOVVXEMHFWWRPXOWLD[LDOVWUHVVVWDWHV-RXUQDORI
WKH0HFKDQLFVDQG3K\VLFVRI6ROLGV
1571 J.-Y. Jeon et al. /  Procedia Engineering  130 ( 2015 )  1564 – 1571 
>@ *DUULVRQ-U:00RRG\15'XFWLOHIUDFWXUH-RXUQDORI3K\VLFVDQG&KHPLVWU\RI6ROLGV
>@ %DR<'HSHQGHQFHRIGXFWLOHFUDFNIRUPDWLRQLQWHQVLOHWHVWRQVWUHVVWULD[LDOLW\VWUHVVDQGVWUDLQUDWLRV(QJLQHHULQJIUDFWXUHPHFKDQLFV

>@ %DR<:LHU]ELFNL72QIUDFWXUHORFXVLQWKHHTXLYDOHQWVWUDLQDQGVWUHVVWULD[LDOLW\VSDFH,QWHUQDWLRQDO-RXUQDORI0HFKDQLFDO6FLHQFHV

>@ 2K & . .LP < - %DHN - + .LP: 6 'HYHORSPHQW RI VWUHVVPRGLILHG IUDFWXUH VWUDLQ IRU GXFWLOH IDLOXUH RI $3,; VWHHO
,QWHUQDWLRQDO-RXUQDORI)UDFWXUH
>@ 2K&6.LP1+.LP<-%DHN-+.LP<3.LP:6$ILQLWHHOHPHQWGXFWLOHIDLOXUHVLPXODWLRQPHWKRGXVLQJVWUHVV
PRGLILHGIUDFWXUHVWUDLQPRGHO(QJLQHHULQJ)UDFWXUH0HFKDQLFV
>@ .LP 1 + 2K & 6 .LP < - <RRQ . % 0D < + &RPSDULVRQ RI IUDFWXUH VWUDLQ EDVHG GXFWLOH IDLOXUH VLPXODWLRQ ZLWK
H[SHULPHQWDOUHVXOWV,QWHUQDWLRQDO-RXUQDORI3UHVVXUH9HVVHOVDQG3LSLQJ
>@ $%$4869HUVLRQ8VHU¶VPDQXDO,QF'DVVDXOW6\VWHPHV6LPXOLD
